Lifetimes have been measured using time-resolved laser-induced fluorescence for 16 odd levels in the doublet, quartet and sextet systems of Mo II, with energies in the range 48 000-61 000 cm −1 . Absolute transition probabilities and oscillator strengths are determined for 110 UV and visible transitions (208 < λ < 485 nm) from a combination of experimental lifetimes and theoretical branching fractions. The theoretical results are obtained using the HFR method including core polarization effects.
Introduction
Accurate atomic transition probabilities for heavy atoms and ions are needed in different fields of physics, including astrophysics and fusion research. An efficient and wellestablished approach for obtaining the required data consists of combining lifetime measurements using selective laser excitation with theoretical or experimental branching fraction (BF) determinations. For experimental BFs Fourier transform spectroscopy (FTS) is an appropriate and efficient method.
Experimental transition probabilities in Mo II are scarce. The first results were the arc measurements of Corliss and Bozman (1962) , but these results are now known to be affected by large systematic errors and they have been superseded by more recent data. Schnehage et al (1983) determined relative f -values for 174 Mo I and 58 Mo II transitions in the range 24.7-557.0 nm from wall-stabilized arc and hollow cathode measurements. The Mo I data were normalized to an absolute scale using four experimental lifetime values from Kwiatkowski et al (1981) . However, the oscillator strengths for Mo II were reported on a relative scale only as no Mo II lifetimes were available at that time.
The first lifetime measurements in Mo II are due to Hannaford and Lowe (1983 Sikström et al (2001) from intensity-calibrated spectra recorded with the Lund UV Fourier transform spectrometer. This paper also reported radiative lifetimes for ten levels measured using LIF. Oscillator strengths of 91 transitions were derived by combining the BFs with all available experimental lifetimes.
Theoretical lifetimes and oscillator strengths in Mo II have been calculated by Quinet (2002) using a relativistic Hartree-Fock (HFR) approximation including corepolarization (CPOL) effects. An extensive set of new f -values was calculated for 386 Mo II lines in the wavelength range extending from 180 to 746 nm.
The lifetimes measured by Hannaford and Lowe (1983) concern levels with energies in the range 45 800-50 700 cm −1 . Lifetimes for higher energy levels are missing although transitions from these levels are likely to be observed in astrophysics or in plasma physics. The purpose of the present paper is to extend the measurements of Hannaford and Lowe (1983) to levels of higher energies. Thus, we report lifetime measurements for levels with energies in the range 48 000-61 000 cm −1 . Transition probabilities are also deduced for 110 UV and visible transitions depopulating the levels for which new lifetime values have been obtained. Nilsson and Pickering (2003) . 3ω designates the third harmonics of the dye laser. S and 2S represent the first-and second-order Stokes components.
Classified lines and term analysis in Mo II
The ground level of Mo II is 4d 5 a 6 S 5/2 . The level structure of this ion was first studied by Meggers and Kiess (1926) who established 27 levels. Later on, Schauls and Sawyer (1940) and Rau (1949) extended the analysis. An extensive experimental work on this ion was performed by Kiess (1958) who measured wavelengths of 3800 lines with uncertainties of ±0.01Å. The experimental values of the 238 excited levels reported in the NIST compilation (Sugar and Musgrove 1988) for the 4d 5 , 4d 4 5s and 4d 4 5p configurations were taken from this analysis. More recently, an extensive list of classified Mo II transitions between 152.9 and 721.7 nm has been reported by Nilsson (2002) . These data were recorded with the Lund UV Fourier transform spectrometer (Sweden) and the Imperial College VUV Fourier transform spectrometer (UK). As a consequence, the term system of Mo II was extended by Nilsson and Pickering (2003) and energy values were reported for 330 levels (153 even and 177 odd levels) belonging to the 4d 5 , 4d 4 5s, 4d 3 5s 2 , 4d 4 6s, 4d 4 5d, 4d 4 5p and 4d 3 5s5p configurations.
The energy levels, their designations as well as the wavelengths reported in the present paper are taken from Nilsson (2002) and Nilsson and Pickering (2003) .
Lifetime measurements
In the present work, the lifetimes of 16 odd levels in the doublet, quartet and sextet systems of Mo II have been measured using the time-resolved laser-induced fluorescence (TR-LIF) technique applied to a laser-produced plasma.
The experimental setup used is similar to that described previously (Bergström et al 1988 , Biémont et al 2001 , Xu et al 2004 and only a brief description is presented here.
Free Mo II ions were obtained from a laser-produced plasma. Laser pulses characterized by a 532 nm wavelength, a 10 Hz repetition rate and a 10 ns duration were obtained from a Nd:YAG laser (Continuum Surelite). The pulses were focused vertically on the surface of a rotating pure molybdenum target in a vacuum chamber creating a plasma containing molybdenum atoms and ions in different ionization stages.
To populate the levels of interest, UV laser pulses were obtained in the following way. The 8 ns long output of an injection-seeded Nd:YAG laser (Continuum NY-82) with a repetition rate of 10 Hz and a single pulse energy of 400 mJ was reduced to 1-2 ns in a stimulated Brillouin scattering compressor. These pulses pumped a dye laser (Continuum Nd-60) with a DCM dye. The dye laser output was frequency doubled or tripled in a nonlinear optical system consisting of a KDP crystal, a retarding plate and a BBO crystal. According to the excitation schemes given in table 1, Stokes stimulated Raman scattering components were produced by focusing the harmonic radiation into a hydrogen conversion cell with a gas pressure of about 10 bar. The excitation laser beam was selected using a quartz Pellin-Broca prism and sent horizontally through the vacuum chamber where it interacted with the created molybdenum ions about 5 mm above the target.
The measured levels belong to the z 4 P The fluorescence from the excited levels was imaged on the entrance slit of a f = 1/8 monochromator and detected by a Hamamatsu R3809U photomultiplier with a risetime of 0.15 ns. The time-resolved signal was averaged over 1000 laser pulses. The experimental lifetimes were extracted by a weighted least-squares fit of a single exponential decay, convoluted with the shape of the laser pulse, to the fluorescence signal. In addition, a polynomial background representation could be added in the fit. About ten curves were recorded and averaged for each level investigated. The 16 lifetimes obtained are given in table 2, where the error bars reflect not only the statistical uncertainties but also a conservative estimate of possible remaining systematic errors.
Transition probabilities
For the calculations of branching fractions we adopted the theoretical HFR model (Cowan 1981) (Fraga et al 1976) and a cut-off radius, r c = 1.73 a 0 . In addition, the final wavefunctions were obtained by a parametric fit of the Slater parameters using the experimental energy levels.
In the previous work of Quinet (2002) , the optimization process was performed using the experimental energies compiled by Sugar and Musgrove (1988) for the 4d 5 , 4d 4 5s and 4d 4 5p configurations. Moreover, for the odd-parity levels the fit was limited to the lowest experimental values (E < 62 000 cm −1 ) because some levels, above that limit, had no spectroscopic designations in the NIST compilation.
In the present work, a new fit was carried out using the designations and experimental energy levels published by Nilsson and Pickering (2003) . This allowed us to refine the parametric adjustment of the 4d 5 , 4d 4 5s and 4d 4 5p configurations and to extend it to the 4d 4 6s, 4d 4 5d and 4d 3 5s5p configurations. More precisely, for the even parity, all the levels of Nilsson and Pickering (2003) were used to fit the average energies (E av ), the direct (F k ) and exchange (G k ) electrostatic integrals and the spin-orbit (ζ nl ) parameters belonging to the 4d 5 , 4d 4 5s, 4d 4 6s and 4d 4 5d configurations. The configuration interaction integral (R k ) between 4d 5 and 4d 4 5s, together with effective interaction parameters α and β within these two configurations, was also adjusted. For the odd parity, all the experimental levels reported by Nilsson and Pickering (2003) up to 75 000 cm −1 were used to optimize the E av , F k , G k , ζ nl , α and β parameters belonging to 4d 4 5p and the average energy of the 4d 3 5s5p configuration. The odd levels above 75 000 cm −1 were excluded from the fit because in most cases it was difficult to uniquely relate them to the theoretical values since most of those levels are strongly mixed. The standard deviations of the fits were 84 cm −1 for the even parity (153 levels) and 128 cm −1 for the odd parity (149 levels).
The weighted transition probabilities (gA) and oscillator strengths (log gf ) of the transitions depopulating the levels measured in the present work are reported in Nilsson (2002) without correcting for the instrumental response.
Results and discussion
The available lifetimes in Mo II are reported in table 2 where the results obtained in the present work are compared to previous values. When comparing the LIF measurements of Sikström et al (2001) with the lifetimes reported by Hannaford and Lowe (1983) , it is seen that the agreement is good when the lifetimes are longer than about 4 ns. For the shorter values, there is a clear discrepancy (outside the error bars), the values of Sikström et al (2001) being shorter. This discrepancy can be explained, as pointed out by Sikström et al (2001) , by a better time resolution and shorter excitation pulses in the latter experiment. For the two levels common to our work and that of Sikström et al (2001) there is perfect agreement.
In the last column of table 2, we report the theoretical HFR+CPOL lifetimes calculated by Quinet (2002) (calculation F) as well as the new results obtained in the present work. The differences between the two calculations are only marginal, the mean ratio being 0.984 ± 0.030 for 30 levels (the uncertainty representing the standard deviation around the mean). A very good agreement between the theoretical lifetimes and the experimental results is also observed. In fact, the mean ratio τ (HFR+CPOL)/τ (Exp) is 0.934 ± 0.100 and 1.011 ± 0.035 when considering the measurements of Hannaford and Lowe (1983) and Sikström et al (2001) , respectively. The same ratio becomes 1.067 ± 0.040 when comparing the 16 experimental lifetimes of the present work with the theoretical HFR+CPOL values. It should also be emphasized that theory favours the shorter lifetimes found by Sikström et al (2001) over those of Hannaford and Lowe (1983) .
The importance of core-polarization effects in the Mo II spectrum must not be underestimated. They change the calculated lifetimes by about 30% as can be seen by comparing calculations C and F in Quinet (2002) and from table 2 in Nilsson and Pickering (2003) . Their inclusion in the calculations is thus essential for obtaining an accurate scale for the transition probabilities. Weighted transition probabilities (gA) and oscillator strengths (log gf ) are reported in table 3 for 110 UV transitions (208 < λ < 490 nm). They have been obtained by a combination of the experimental lifetimes and the theoretical BFs. No experimental BFs are available for these highexcitation levels. There are no other results available for comparison, but the absolute scale is well established on the basis of the available lifetimes as discussed above. For the convenience of the user, table 4 lists the oscillator strengths and transition probabilities sorted by air wavelengths.
The new results for Mo II reported in this paper fill in some gaps in the existing data for this ion of astrophysical interest and it is anticipated that they will help astrophysicists in quantitative investigations of stellar spectra, particularly for investigating the chemical composition of Ap stars.
